the unbiased identification of ER-mediated gene regugenes not previously implicated as estrogen targets, including SOD-1, a superoxide dismutase gene involved lation paradigms.
Here we find a discrete number of ER binding sites in scavenging oxygen-free radicals (Beckman et al., 1993; Singh et al., 1998) and implicated in tamoxifenacross chromosomes 21 and 22, almost all of which are in nonpromoter proximal regions. We explored underresistant progression in MCF-7 xenografts (Schiff et al., 2000) . None of these genes recruited ER to a proximal lying biological patterns within the list of genuine chromatin-interacting domains and identified common 5# promoter region, but possessed divergent patterns of association. The XBP-1 gene, recruited ER to three motifs highly enriched in these regions. Using this information, we prove that the distal ER binding sites are distinct and discrete regions 13.2 kb to 22.9 kb upstream of the transcription start site ( Figure 1B ). discrete chromatin regions involved in transcriptional regulation and that a Forkhead protein, at these sites, DSCAM-1 contained a clustering of ten intronic ER binding sites, more than 0.5 Mb from the transcription is required for activity by ER. . Following ChIP, ER-associdomains exist 107 to 144 kb from the genuine transcripated DNA was amplified using nonbiased conditions, tion start site of NRIP-1. The locations of all binding labeled, and hybridized to the tiled microarrays. Relasites in relation to genes can be found in Table S1 . tive confidence prediction scores were generated by The ER binding sites adjacent to TFF-1, XBP-1, quantile normalization across each probe followed by SOD-1, NRIP-1, and DSCAM-1 were validated by ER an analysis using a two-state Hidden Markov model ChIP and standard PCR (Figures 2A-2E ). Also, quantita- (Rabiner, 1989) . These scores included both probe intive PCR was performed on each of these sites after tensity and width of probe cluster. Triplicate experi-ER ChIP ( Figure 2F ), confirming these putative in vivo ments eliminated stochastic false positives, after which binding sites as genuine ER binding sites. To test peaks that reproducibly appeared at least twice in the whether these discrete ER recruitment regions were three replicates were included. Real-time PCR primers unique to estrogen action in MCF-7 cells, we performed were designed against numerous peaks in the list, and ER ChIP and directed real-time PCR against the same directed ER ChIP was conducted to identify the boundsites in T47-D breast cancer cells. These data conary between the true ER binding peaks (>1.5-fold enfirmed that the majority of the sites identified in MCF-7 richment over input) and the false positives (data not cells were also regions of estrogen-dependent ER bindshown) and generate the final list of 57 estrogen-stiming in a second ER-positive breast cancer cell line (data ulated ER binding sites within 32 discrete clusters (Fignot shown) , highlighting the conservation of specific ures 1A and 1B and see the Supplemental Raw Data ER-chromatin association sites. in the Supplemental Data available with this article online).
As one example of the validity of this method, the A Significant Number of ER Binding Sites Reside Adjacent to Estrogen Gene Targets localization of ER to the proximal promoter 400 bp region of the estrogen-regulated gene, TFF-1, was obEstrogen-mediated transcript changes were identified by converting RNA from vehicle or estrogen-stimulated served. A functional ERE had been previously mapped to the region 393 to 405 bp upstream from the tran-MCF-7 cells into double-stranded cDNA and hybridizing to the chromosome 21 and 22 tiled microarrays. scription start site of TFF-1 (Berry et al., 1989). Furthermore, a region 10.5 kb upstream of the TFF-1 tranThirty-five genes (4.4% of all genes) appeared to be transcribed, after which real-time primers were made scription initiation site ( Figure 1A ) was also found to be bound by ER. Interestingly, an estrogen-inducible DNase against all these transcripts and quantitative RT-PCR showed that 12 transcripts on chromosomes 21 and 22 I hypersensitive site has been previously mapped 10.5 kb upstream from the TFF-1 start site (Giamarchi et al.,
were estrogen induced (Table 1) . Eleven of these twelve genes had ER binding clusters within 200 kb. The only 1999), though the region had not been further characterized. Our data now define these regions as authentic estrogen-regulated gene that did not have an adjacent ER binding cluster was ATP5J. TFF-1, XBP-1, and ER binding sites.
Within the small list of 57 ER binding sites, we ob-NRIP-1 were in the small list of 1.5% of genes upregulated following estrogen stimulation (Supplemental Raw served 32 ER binding clusters, some of which were proximal to genes previously implicated as estrogen tarData). DSCAM-1 and SOD-1 were not upregulated by estrogen stimulation at the 3 hr time point assessed but gets, including the transcription factor XBP-1, DSCAM-1, and the nuclear receptor coregulator NRIP-1 (Cavailles  were transcribed Figure 2F ). As negative controls, primers were tion was seen in the no-digestion control or no-ligation control. We performed the same experiment using the designed against the intergenic region between the TFF-1 promoter and enhancer and against a region 7
BsmI restriction enzyme that cuts the genuine NRIP-1 promoter (as determined by 5# RACE) and enhancer 3 kb from XBP-1 enhancer 3. Neither ER nor any of the other factors were found associated with these control region. Remarkably, after ligation, we were able to PCR a 1 kb fragment that corresponded to the ligated proregions. In addition, we examined the promoter of XBP-1. Although ER protein association was not obmoter-enhancer regions using one promoter-specific and one enhancer-specific primer ( Figure 3B ). This served at the XBP-1 promoter, RNA PolII was found enriched at this site supporting the hypothesis that estrogen-dependent interaction of the distal (144 kb) ER binding site with the promoter of the NRIP-1 gene XBP-1 is transcriptionally activated by ER.
To explore the possibility that the distal enhancer reconfirms the authenticity of these distal sites as transcriptional regulatory domains. gions not only function as sites of protein recruitment but physically play a role during transcription of the adThe finding that RNA PolII is recruited to the majority of ER binding sites, even those removed from known jacent gene, we performed a chromosome capture assay (Dekker et al., 2002) to assess whether promoter transcription sites, led us to investigate the possibility that these binding sites can function as genuine enand enhancer sequences were components of the same chromatin regions. Hormone-depleted MCF-7 hancers. To this end, we cloned 23 ER sites (40% of all ER binding sites) into a pGL-3 luciferase vector concells were stimulated with vehicle or estrogen, and the fixed chromatin was digested with a specific restriction taining an SV40 promoter and transfected these vectors into hormone-depleted MCF-7 cells which where enzyme (BtgI), followed by ER ChIP and ligation. After ligation, the ligated chromatin mix was washed and the subsequently treated with estrogen or vehicle control. pGL-3 empty vector was used as a negative control, crosslinking was reversed. One primer in the TFF-1 promoter and one primer in the TFF-1 enhancer were used and transfections were normalized with pRL null. Al-chromosomes 21 and 22 revealed the significant recur- binding domains showed FoxA1 interaction, although mones for 24 hr and siLuc, or siRNA to FoxA1, was transfected for 6 hr, after which hormone-depleted methe pattern of recruitment differed from site to site (Figure S3) + 2s i ,(1.5s i ) 2 ) for enriched hidden state.
hyde crosslinking was reversed as described above. Primers used to amplify annealed fragments were as described in Table S2 . To combine the results from the six samples, an enrichment 
